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Top quark physics in the vector color-octet model
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We study and constrain the parameter space of the vector color-octet model from the observed
data at the Tevatron by studying the top quark pair production and associated observables Att¯
FB
and
spin-correlation. In particular we study the invariant mass and rapidity dependence of Att¯
FB
at the
Tevatron. In addition to the flavor conserving (FC) couplings we extend our study to include the
flavor violating (FV) coupling involving the first and third generation quarks for both these processes.
In order to ensure that we remain within the constraints imposed by the LHC data, we analyze the
charge asymmetry, pT spectrum and invariant mass in the tt¯ production data at the LHC. The
constraints from the dijet resonance searches performed by the LHC are also considered. We also
explore the contribution of this model to the single top quark production mediated by charged
and neutral color-octet vector bosons. FV couplings introduced then induce the same-sign top-pair
production process which is analyzed for both the hadron colliders. We have incorporated the effect
of finite decay width of color octets on these processes. We find that it is possible to explain the
observed Att¯
FB
anomaly in the color-octet vector model without transgressing the production cross
sections of all these processes both through FC and FV couplings at the Tevatron. We predict best
point sets in the model parameter space for specific choices of color-octet masses corresponding to
χ2min evaluated using the mtt¯ and |∆y| spectrum of Att¯FB from the observed data set of Run II of
the Tevatron at the integrated luminosity 8.7 fb−1. We find that the single top quark production is
more sensitive to the FC and FV couplings in comparison to the top-pair production. We provide
95 % exclusion contours on the plane of FV chiral couplings from the recent data at the Tevatron,
CMS and ATLAS corresponding to the nonobservability of large same-sign dilepton events. The
four observed point sets are consistent with the cross section, charge asymmetry and spin-correlation
measurements for tt¯ production and dijet searches at the LHC.
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I. INTRODUCTION
Top quark production at high luminosity achieved at
the recently shut down the Tevatron has thrown tanta-
lizing hints of physics beyond the Standard Model (SM).
The combined analysis of the CDF and DØ collaboration
has given results for top quark massmt = 173.3±1.1 GeV
[1]. The current measured cross section from all channels
with 4.6 fb−1 data is σtt¯= 7.5± 0.31 (stat) ±0.34 (syst)
±0.15 (Z theory) pb for mt = 172.5 GeV [2]. For the
same top mass DØ collaboration reported σtt¯ = 7.36
+0.90
−0.79
(stat+syst) pb using dilepton events [3] . The leading or-
der process for tt¯ production at the Tevatron is qq¯ → tt¯.
The top-pair production cross section with the QCD
corrections at the next-to-next-to-leading order (NNLO)
level is computed to be σ(tt¯)NNLOSM = 7.08
+0.00+0.36
−0.24−0.27 pb for
mt = 173 GeV [4]. These corrections are not only signif-
icant but are also in agreement with the experiment.
The CDF and DØ collaborations have reported top
quark forward-backward asymmetry Att¯
FB
for large tt¯ in-
variant mass mtt¯which shows a deviation of about two
sigma from the SM prediction [5, 6]. Recently CDF ob-
served the parton level Att¯
FB
to be 0.296± .067 for mtt¯>
450 GeV based on the full Run II data set with luminos-
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ity of 8.7 fb−1 [7]. In the SM, this asymmetry arises only
at the next to leading order through the interference be-
tween the Born term and higher order of QCD terms and
is found to be 0.1 [8] which is too small to fit the data.
In the literature the Att¯
FB
anomaly has been attributed to
new physics (NP) beyond SM [9–12]. In this article we
analyze the mtt¯ and |∆y| distributions of Att¯FB induced by
the color-octet vector bosons and compare with the dis-
tribution simulated from the observed data given in Ref.
[7]. In light of the recent observations at the LHC, we
constrain the new physics model parameter space from
the invariant mass distribution of the tt¯ production cross
section and the measured associated charge asymmetry.
Single top quark production is an important process
at hadron colliders in providing an opportunity to probe
the electroweak (EW) interactions of the top quark. Al-
though in the SM, single top quark is produced at the
EW scale, it is noteworthy that the production cross sec-
tion is comparable and only a little less than half of the tt¯
pair production. The considerable background however
makes the extraction of the signal quite challenging. Re-
cent analysis of the CDF collaboration uses 7.5 fb−1 of
data and measures the single top quark total cross section
of σs+t = 3.04
+0.57
−0.53 pb [13]. Using 5.4 fb
−1 of collected
data, DØ at the Fermilab Tevatron Collider measured
the combined single top quark production cross section
σs+t = 3.43
+0.73
−0.74 pb [14]. The predicted next-to-next-to-
next-to-leading order (NNNLO) approximate calculation
for both the modes are σs = 0.523
+0.001+0.030
−0.005−0.028 pb and
2σt = 1.04
+0.00
−0.02 ± 0.06 pb [4] for mt = 173 GeV. Recently
CMS collaboration reported the t-channel EW single top
quark cross section to be 83.6±29.8 (stat. + syst.) ± 3.3
(lumi) pb at
√
s = 7 TeV at the LHC [15] correspond-
ing to integrated luminosity of 36 pb−1, which agrees
with the next-to-leading order (NLO) and resummation
of collinear and soft-gluon corrections NNLO [4]. How-
ever the involved experimental and theoretical uncertain-
ties allow us to explore the new physics consequences in
the determination of the production cross section medi-
ated by the new exotic vector bosons. Therefore it is
worthwhile to study the effect of the couplings induced
by the color-octet vector model in the s and t channel
single top quark production.
The production of same-sign top quark pair is a fas-
cinating process and would furnish unmistakable signa-
ture of physics beyond the SM. In the SM this process is
highly suppressed and involves higher order flavor chang-
ing neutral current (FCNC) interactions. The search for
the same-sign top quark pair involves searching for events
with same-sign isolated leptons accompanied by hadron
jets and missing transverse energy in the final sate. The
CDF collaboration has set a limit on same-sign top-pair
production at the Tevatron using a luminosity of 6.1 fb−1,
σ(tt+t¯t¯)×[BR(W → lν)]2 < 54 fb with a 95 % confidence
level [16]. This limit puts severe constraints on physics
beyond the SM which allows for FCNC interactions. The
7 TeV data from CMS also disfavors the same-sign top-
pair production at the LHC mediated through Z ′ in t
and u channels which otherwise was the potent model
to explain the Att¯
FB
anomaly observed in tt¯ production at
the Tevatron [17, 18]. We probe the effect of the flavor
violating couplings in the same-sign top-pair production
both at the Tevatron and the LHC. These couplings are
introduced to contest the Att¯
FB
anomaly.
In Sec. II, we introduce the 3 ⊗ 3¯ vector color-octet
model. In Sec. III we compute the tt¯ cross section
and associated top quark forward-backward asymmetry
Att¯
FB
and spin-correlation coefficient in this model. Single
top quark production is studied in Sec. IV and in Sec.
V we probe the same-sign top quark production through
FV couplings. In Sec. VI we consider the constraints
obtained by analyzing the LHC top quark data with ref-
erence to the resonance searches in tt¯ production, dijet
resonance searches and from the charge asymmetry data.
Section VII is devoted to the discussion of the results and
conclusion.
II. 3⊗ 3¯ VECTOR COLOR-OCTETS
The exotic bosonic states that can couple to a quark
(q) and antiquark (q¯) pair in physics scenarios beyond
the Standard Model are the scalar/vector color singlets,
triplets, sextets and octets. Color singlet vector states are
the Z ′s [19], W ′s [20], unparticles [9] and Kaluza-Klein
gravitons GKK [21]. Grinstein et. al. [22] considered
various scenarios of new physics models which contain
scalars as well as vector representation of SM quark flavor
symmetry group to study tt¯ forward-backward anomaly
and DØ dimuon anomaly at the Tevatron. They also
studied the constraints on the flavor symmetric mod-
els and their collider signatures at the LHC with exotic
bosons having masses around the electroweak scale.
√
s @ LHC M
V
±,0
8
GeV N(ud¯→ V +8 ) N(du¯→ V −8 ) N(uu¯→ V 08 ) N(dd¯→ V 08 )
7 TeV 200 2.2×108 1.2×108 2.1×108 1.3×108
L =5 fb−1 500 8.1×106 3.5×106 7.0×106 4.2×106
900 6.9×105 2.3×105 5.3×105 3.0×105
8 TeV 200 1.0×109 5.8×108 9.6×108 6.2×108
L =20 fb−1 500 4.6×107 1.8×107 3.6×107 2.1×107
900 3.7×106 1.3×106 3.0×106 1.7×106
14 TeV 200 9.9×109 6.0×109 9.6×109 6.3×109
L =100 fb−1 500 4.6×108 2.4×108 4.3×108 2.6×108
900 5.4×107 2.4×107 4.8×107 2.8×107
TABLE I: Production event rate of the charged and neutral color-octet vector bosons for three different representative masses
at three different collider energy and luminosity. To obtain these events we have set the product of the coupling constant squared
and the branching fraction to unity.
Some of the colored exotic states are already present
in some of theoretical models beyond the SM, for ex-
ample R-parity violating super-symmetric theories [23],
excited quarks in composite models [24, 25], diquarks in
E6 grand unified theories [26], in theories of extra di-
mension [27], color-triplet and sextets [28] and in low
scale string resonances [29]. Color-octet scalars have been
studied in Ref. [30] while color-octet vector states cou-
3(a) (b)
FIG. 1: Diagrams for qq¯ → tt¯ production through V 08 in (a) s-channel FC and (b) t-channel FV cases.
pled to qq¯ are analyzed in Refs. [31, 32] for axigluons
and in Ref. [33–35] for colorons. Some of these exotic
states have been involved in the literature to explain the
top quark forward-backward asymmetry and the CDF
dijet resonances. These particles if they exist can be pro-
duced at the LHC with their masses and couplings con-
strained by the measurement of the dijet cross section at
the Tevatron and the LHC. The ATLAS and CMS col-
laborations [36] have reported stringent bounds on these
colored states.
In this article, we investigate the contribution of color
neutral and charged vector states V 0,µ8 and V
±,µ
8 on
tt¯ production, top-quark forward-backward asymmetry,
single top quark production and same-sign top-pair pro-
duction. The interaction of color-octet vector states
V 0,±,µ8 with quark is given by
Lqq¯′V = gs
[
V 0a8
µ
u¯i T
aγµ (g
U
L PL + g
U
R PR)uj
+ V 0a8
µ
d¯i T
a γµ (g
D
L PL + g
D
R PR) dj
+
(
V +a8
µ
u¯i T
a γµ (CL PL + CR PR) dj + h.c.
)]
(1)
Production of these color-octet resonants are studied in
[37] where significant bounds for these resonances based
on the preliminary CMS data have been obtained. We
estimate the production event rates at a given luminosity
for 200, 500 and 900 GeV vector color-octets in Table I
corresponding to the centre of mass energy of 7, 8 and 14
TeV, respectively. For all these subprocesses the coupling
constant of the octets with the light quarks along with
the branching ratio are set to unity.
The color-octet vectors can be detected either through
the resonant dijet and top-pair production. The measure-
ment of the dijet events at the Tevatron and the LHC re-
stricts the coupling of these exotic colored states to light
quark sector in the narrow resonance approximation (in
units of gs =
√
4piαs). However, the coupling of these
states to the top quark sector essentially remains unex-
plored. It is to be noted that the tt¯ cross section depends
on the product of the couplings of V8 with light and top
quarks whereas the dijet cross section depends on the
coupling of these exotics with light quarks only. We will
revisit the resonant dijet production cross section in Sec.
VIC.
Since there exist stringent constraints from flavor
physics on FCNC, we consider a non universal FCNC
couplings between the up quarks of the first and third
generation only. However, after a rotation from weak
eigenstates to mass eigenstates these FCNC interactions
would contribute to B0q -B¯
0
q and D
0-D¯0 mixing. Con-
sequently, by making a suitable choice of the left and
right-handed mixing matrices along with the relevant
couplings, we can evade the most restrictive constraint
on these couplings from the low energy B and D phe-
nomenology [38]. It has been discussed in the literature
see for example [39] that in a scenario involving non-
universal flavor coupling, if the generic flavor violation is
confined to up quark sector and is so aligned as to induce
minimal flavor violation, the constraints on color-octet
vector boson with axial coupling of QCD strength from
D-meson sector are rather weak MV 0
8
> 0.22 TeV. The
bounds on right-handed couplings are even weaker. On
the other hand generic flavor violation in the down quark
sector requires MV 0
8
with axial couplings to be greater
than several TeV from the neutral meson mixing data.
Thus by keeping the u-t coupling large and simultane-
ously making c-t and u-c couplings small, we will not get
any strong bounds from flavor physics. This reference
also shows that the contribution to B0q -B¯
0
q mixing from
the charge current sector can be controlled whenever
the mixing matrices are aligned with the SM Cabibbo-
Kobayashi-Maskawa resulting in the couplingsCL,R, gL,R
naturally to be of the order one. Assuming minimal flavor
violation breaking for a particular choice of flavor sym-
metry subgroup, authors of the Ref. [22] were able to
pin point the vector boson models consistent with FCNC
constraints from B0 − B¯0 mixing and at the same time
able to give right enhancement of Att¯FB for a benchmark
point say, MV 0
8
= 300 GeV.
The couplings gL,R and CL,R are free parameters in
our model and taken to be diagonal. gs =
√
4piαs is the
QCD coupling; i, j are flavor indices and a represents the
color index. We perform our calculations for top quark
mass mt = 172.5 GeV and bottom quark mass mb = 4.7
GeV at the pp¯ center of mass energy
√
s = 1.96 TeV,
with fixed QCD coupling αs = 0.13 and using CTEQ6L1
parton distribution functions keeping factorization and
renormalization scales µF = µR = mt. We have incor-
porated the 3 ⊗ 3¯ model in MadGraph/MadEvent V4
[40] and generated a total of 10000 events for all the pro-
cesses. We do not take into account the effects from
parton showering, hadronization and detector conditions
in our studies.
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FIG. 2: Variation of the cross section σ (pp¯→ tt¯) with couplings
√
λij for flavor conserving vector color-octets corresponding
to different values of MV 0
8
. The upper black dotted line associated with a blue band depicts the cross section 7.50± 0.48 pb from
the CDF (all channels) [3], while the lower black dot-dashed line associated with a red band show theoretical estimate 7.2±0.37
pb at NNLO [4]. Figures (a), (b) and (c) show the variation of σ for vector, axial and right-handed cases, respectively (the
cases (a), (b) and (c) as in the text).
The width of the new resonances are computed and
taken into consideration for all the phenomenological ob-
servables presented in this study.
III. TOP-PAIR PRODUCTION
In this section we make a detailed study of tt¯ produc-
tion at the Tevatron to put bounds on the parameters
of 3⊗ 3¯ model. The new physics contribution to tt¯ pro-
duction in the present model arises through the exchange
of flavor conserving and flavor violating neutral current
(NC) V 08 as shown in Figs. 1a and 1b, respectively. Here
we assume that the flavor changing couplings are present
only between the first and third generation quarks. We
examine the sensitivity of both these couplings for the as-
sociated observables namely the forward-backward asym-
metry and the spin-correlation coefficient along with the
total production cross section.
At the Tevatron tt¯ pair is predominantly produced
through the quark pair annihilation qq¯ → tt¯, where the
quarks (anti-quarks) are mainly moving along the pro-
ton (anti-proton) direction. The FB asymmetry can be
defined as
AFB =
N(∆y > 0)−N(∆y < 0)
N(∆y > 0) +N(∆y < 0)
(2)
where N is the number of events and ∆y = yt − yt¯ is
the difference in rapidities of top and the anti-top quarks
along the proton momentum direction in the lab frame.
5Recent measurements from the CDF and D0 Collabora-
tions at the Tevatron report positive asymmetries [5] [6],
ACDFFB = 0.158± 0.075, AD0FB = 0.196± 0.065 at the sub-
process/parton level after correcting for backgrounds and
detector effects corresponding to integrated luminosity of
5.3 and 5.4 fb−1, respectively whereas the SM prediction
at NLO QCD level is 0.051 [41]. A recent report from
the CDF, studied FB asymmetry and its mass and ra-
pidity dependence with an integrated luminosity of 8.7
fb−1 at the Tevatron resulting in an inclusive parton level
AFB = 0.162± 0.047 [7].
Spin-correlation of the the top-antitop pair, in the ”he-
licity basis”, (i.e; choosing the direction of the top quark
momentum as our spin quantization axis) is described
by four independent helicity states t¯LtR, t¯RtL, t¯LtL, t¯RtR.
The spin-correlation parameter is defined as
Ctt¯ =
[σ(t¯RtL) + σ(t¯LtR)]− [σ(t¯RtR) + σ(t¯LtL)]
[σ(t¯RtL) + σ(t¯LtR)] + [σ(t¯RtR) + σ(t¯LtL)]
=
NO −NS
NO +NS
(3)
where NS =⇑⇑ + ⇓⇓ and NO =⇑⇓ + ⇓⇑ are the num-
ber of top and antitop quarks with their spins paral-
lel and anti-parallel, respectively. Recent studies have
shown strong spin-correlation in the top quark pair pro-
duction which means that the top quark and antiquark
have preferential spin polarizations. At the Tevatron the
dominant parton level top-pair production is qq¯ → tt¯ and
its value for SM in the helicity basis is 0.299 [42]. The
CDF reported the measurement of the spin-correlation
coefficient Ctt¯ helicity = 0.60± 0.50(stat)± 0.16(syst) [43]
in the helicity basis and 0.042+0.563−0.562 [44] in the beam ba-
sis. Any deviation in the measurement of Ctt¯ would give
an indirect idea of the new tt¯ production mechanism and
also models of new physics appeal to the spin-correlation
for signal identification and discrimination [45–49].
A. Flavor Conserving
The additional Feynman diagrams induced by the
color-octet vector bosons depicted in Fig. 1, interfere
with the SM tree annihilation process. We take the color-
octet vector boson couplings with the first two gener-
ations i.e. light quarks gqi (q=u,d,s,c) to be typically
an order of magnitude smaller than the third generation
heavy quarks gt,bi with i, j = L/R. This is consistent
with the dijet measurements at the Tevatron. The corre-
sponding NP matrix element is proportional to the prod-
uct of light and heavy quarks couplings. For convenience
we choose the product of two couplings
√
λij =
√
gqi g
t
j
and the mass MV 0
8
as a parameter of our model in FC
case. Since the total matrix element squared is left-right
symmetric, we have only three independent choices of
the combinations of couplings which includes the (a) vec-
tor, (b) axial-vector and (c) right-chiral interactions. All
three cases can be explicitly expressed as
(a)Vector: gqL = g
q
R, g
t
L = g
t
R,
⇒ λLL = λRR = λRL = λLR = λV V
(b)Axial: gqL = −gqR, gtL = −gtR,
⇒ λLL = λRR = −λRL = −λLR = λAA
or gqL = −gqR, gtR = −gtL or gqR = −gqL, gtL = −gtR,
⇒ −λLL = −λRR = λRL = λLR = λNA
(c)Right-chiral: gqL = g
t
L = 0,
⇒ λLL = λLR = λRL = 0 6= λRR
These massive color-octets are likely to decay to the
lighter quarks as well as to the heavier one if kinetically
allowed both through the flavor conserving as well as fla-
vor violating couplings. The non-zero decay width for
the heavy color-octets can have appreciable effects not
only in the tt¯ cross section but also in the observables
like Att¯
FB
and Ctt¯ . The decay width of color-octet vector
boson is given by
ΓV8 =
1
6
αs[(g
2
L + g
2
R)
{M2V8
2
− m
2
q +m
2
q′
4
−
(m2q −m2q′
2MV8
)2}
+3mqmq′ gL gR]
λ
1
2 (M2V8 ,m
2
q,m
2
q′)
M3V8
(4)
where, λ(x, y, z) = x2+y2+z2−2x·y−2y ·z−2z ·x. In fla-
vor conserving case, for MV8 ≤ 2mt, q(= q′) = u, d, s, c, b
while for MV8 ≥ 2mt top quarks also contribute. The
only flavor violating mode we have is V 08 → ut¯+ u¯t. The
decay of the charged color-octet vector boson V ±8 → qq′
proceeds through the exotic charge current (CC) inter-
actions which are assumed to diagonal but with non-
universal coupling to the third generation quark sector.
Throughout our analysis we have taken into account
the effect of the finite decay width in evaluating the cross-
sections and other associated observables.
The analytical expression of differential cross section
in terms of λij for qq¯ → tt¯ with respect to the cosine
of the top quark polar angle θ in the tt¯ center-of-mass
(c.m.) frame is given as
dσˆ
d cos θ
=
piβα2s
9sˆ
[
f(θ, β2) +


(
1−
M2
V 0
8
sˆ
)2
+
M2
V 0
8
sˆ
Γ2
V 0
8
sˆ


−1{
(λ2LR + λ
2
RL + λ
2
LL + λ
2
RR)(2− sin2 θ)
β2
4
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FIG. 3: Variation of the AFB − ASMFB with couplings
√
λij for flavor conserving vector color-octets corresponding to different
values of MV 0
8
. Figures (a), (b) and (c) corresponds to the positive product of axial couplings, negative product of axial couplings
and purely right-handed cases (the first two corresponds to cases (b) and the third corresponds to case (c) in the text, respectively).
The Att¯
FB
for case (a) vanishes identically for all mass regions.
+
(
(λLL + λLR)
2 + (λRL + λRR)
2)
) 1− β2
4
+
1
2
(
1−
M2
V 0
8
sˆ
)
(λLL + λRR + λLR + λRL) f(θ, β
2)
+
((
1−
M2
V 0
8
sˆ
)
(λLL + λRR − λLR − λRL) + 1
4
(λ2LL + λ
2
RR − λ2LR − λ2RL)
)
β cos θ
}]
(5)
where sˆ = (pq + pq¯)
2 is the squared c.m. energy of the
system, β =
√
1− 4m2t/sˆ is the top quark velocity and
f(θ, β2) =
(
2− β2 sin2 θ). The terms proportional to
cos θ in Eq. (5) are sensitive to the forward backward
asymmetry. In Figs. 2, 3 and 4 we plot the variation of
the cross section, the forward backward asymmetry Att¯
FB
and the spin-correlation Ctt¯ , respectively as a function
of coupling
√
λij .
We look at three different regions based on the octet
masses and the threshold of top-pair production, region I
whereMV 0
8
≪ 2mt, region IIMV 0
8
−ΓV 0
8
≤ 2mt ≤MV 0
8
+
ΓV 0
8
and region III whereMV 0
8
≫ 2mt , respectively. Fig.
2a corresponds to the case (a), which implies pure vector
interactions. For MV 0
8
= 200 GeV which lies in region I,
the cross section grows with coupling due to the positive
interference inspite of the s channel suppression. For
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FIG. 4: Variation of the spin-correlation coefficient Ctt¯ with couplings
√
λij for flavor conserving vector color-octets corre-
sponding to different values of MV 0
8
. Figures (a), (b) and (c) correspond to vector, axial and right-handed cases, respectively
(cases (a), (b) and (d) in the text, respectively). The spin-correlation variation for cases (c) and (b) as in text are identical.
MV 0
8
= 350-500 GeV which lies in the resonant region II,
we have a much sharper rise in the cross section with the
increasing coupling. For higher octet masses we observe
the effect of negative interference with SM as long as
the coupling |λij | ≤ 1 and then it gradually grows with
the couplings due to the dominance of the new physics
squared term. However, pure vector interactions fail to
generate the Att¯
FB
.
Figure 2b corresponds to phenomenologically interest-
ing case (b), which is purely an axial interaction and thus
generates a large forward-backward asymmetry. Since
the interference terms contributing to the cross section
vanish in this case and only the squared term grows with
coupling, we observe that this generates an increasing
Att¯
FB
without enhancing the cross section for the couplings
|λij | ≤ 1. However for the higher masses in region III,
the Att¯
FB
becomes negative due to the negative interfer-
ence with SM as shown in Fig. 3b.
The fair amount of Att¯
FB
can also be generated through
axial current for large masses by taking the negative
product of the axial couplings of light quark and the
top quark, keeping the cross section same as before. We
depict the Att¯
FB
contribution for the negative product of
axial couplings in Fig. 3a.
The variation of cross section for case (c) is given in
Fig. 2c which is similar to case (a). In this case we get
positive AFB for all the cases but it grows faster forMV 0
8
= 500 GeV with respect to
√
λRR comparing to other two
masses of V 08 as shown in Fig. 3c.
The behavior of the variation of the spin-correlation
coefficients can be understood by exhibiting the total
matrix element squared as a combination of the same
and opposite helicity amplitudes. The differential cross
section corresponding to the same and opposite helicity
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FIG. 5: Variation of the cross section σ (pp¯→ tt¯) with couplings gutij for flavor violating vector color-octets corresponding to
different values of MV 0
8
. The upper black dotted line associated with a blue band depicts the cross section 7.50 ± 0.48 pb from
the CDF (all channels) [3], while the lower black dot-dashed line associated with a red band show theoretical estimate 7.2±0.37
pb at NNLO [4]. Figures (a) and (b) show the variation of σ for axial vector and right-handed cases (the cases (a) and (b) of
the text, respectively).
amplitudes are
dσˆFCS
d cos θ
= g4s(1− β2) sin2 θ
[
8 +
2sˆ(sˆ−M2
V 0
8
)
(sˆ−m2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(λLL + λRR + λLR + λRL)
+
sˆ2
(sˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(λ2LL + λ
2
RR + λ
2
LR + λ
2
RL + 2(λLLλLR + λRLλRR))
]
(6)
dσˆFCO
d cos θ
= g4s(1 + cos
2 θ)
[
8 +
sˆ(sˆ−M2
V 0
8
)
(sˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(λLL + λRR + λLR + λRL)
+
sˆ2
(sˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
{
(1 + β2)(λ2LL + λ
2
RR + λ
2
LR + λ
2
RL) + 2(1− β2)(λLLλLR + λRLλRR)
}]
+ g4s(2β cos θ)
[ sˆ(sˆ−M2
V 0
8
)
(sˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(λLL + λRR − λLR − λRL)
+
sˆ2
(sˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
2(λ2LL + λ
2
RR − λ2LR − λ2RL)
]
(7)
Examining Eqs. (6) and (7), we find that for case (a), the
contribution from the
dσˆFCS
d cos θ is suppressed by the factor(
1− β2) sin2 θ/ (1 + cos2 θ) with respect to dσˆFCOd cos θ , while
for the case (b), only new physics squared term from
dσˆFCO
d cos θ contributes to the spin-correlation coefficient. For
the right-chiral current case (c), we observe that for the
interference term the ratio is again suppressed by the
same factor as in case (a), while it is further suppressed
by the factor 1/
(
1 + β2
)
for the squared term. There-
fore it is evident that Ctt¯ is likely to increase with the
increasing coupling products.
The variation of spin-correlation coefficient Ctt¯ with
respect to
√
λij has almost similar behavior for all the
cases considered as shown in Figs. 4a -4c. Here the Ctt¯ in
region I first decreases with couplings due to negative in-
9 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
A
FB
 
-
 
A
FBSM
gutAA
200 GeV
350 GeV
500 GeV
700 GeV
900 GeV
(a)
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.2  0.4  0.6  0.8  1  1.2  1.4
A
FB
 
-
 
A
FBSM
gutRR
200 GeV
350 GeV
500 GeV
700 GeV
900 GeV
(b)
FIG. 6: Variation of the AFB −ASMFB with couplings gutij for flavor violating vector color-octets corresponding to different values
of MV 0
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. Figures (a) and (b) corresponds to axial vector and right-handed cases (the cases (a) and ( b) of the text, respectively).
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FIG. 7: Variation of the spin-correlation coefficient Ctt¯ with couplings gutij for flavor violating vector color-octets corresponding
to different values of MV 0
8
. Figures (a) and (b) corresponds to axial vector and right-handed cases (the cases (a) and ( b) of
the text, respectively).
terference and then increases due to the dominance of the
squared term. For the octet mass 350 GeV at the region
II the Ctt¯ registers the minimum value showing that at
threshold production it is likely to have an equal number
of parallel and antiparallel states. In axial cases (b) and
(c), since there is no interference, the Ctt¯ increases with
couplings for all mass regions which is evident from Fig.
4b.
B. Flavor Violating
In the flavor violating case, apart from the usual SM
diagrams we have t-channel diagrams for uu¯ → tt¯ with
V 08 as shown in Fig. 1b which interfere with the corre-
sponding s-channel SM diagrams initiated with u and u¯
partons. The flavor violating neutral coupling is consid-
ered only among the first and third generation u and t
quarks guti (i = L,R) with V
0
8 . In contrast to the flavor
conserving case, here we consider only two choices of cou-
pling combinations (a) gutL = g
ut
R or g
ut
L = -g
ut
R and (b) g
ut
L
= 0 or gutR = 0 to study the three observables because cor-
responding matrix element square is symmetric in both
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the cases. The differential cross section in terms of fla-
vor violating neutral coupling guti for uu¯→ tt¯ with QCD
s-channel and additional t-channel diagram through V 08
(NP) with respect to the cosine of the top quark polar
angle θ in the tt¯ center-of-mass (c.m.) frame is
dσˆ
d cos θ
=
piβα2s
9sˆ
(
2− β2 sin2 θ
)
− piβαs
2
54sˆ2
sˆ2(tˆ−M2
V 0
8
)
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(1 + β cos θ)2(gutL
2
+ gutR
2
)
+
piβαs
2
36sˆ
sˆ2
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
[
(gutL
4
+ gutR
4
)
(
1 + β cos θ
)2
+ 8gutL
2
gutR
2
(1 + β2)
]
(8)
where tˆ = (pu − pt)2 = (pu¯ − pt¯)2.
Figure 5 shows the variation of cross section as a function
of coupling gutij , (i, j = L or R) for both cases (a) and (b)
for different MV 0
8
same as in FC case.
We observe the growth of the cross section with the
couplings due to the overall positive interference in Eq.
(8) generated from large negative value of tˆ. It is also
observed that the variations are comparatively flat with
respect to the corresponding cases of the flavor conserv-
ing scenarios due to the suppressed tˆ channel propagator(
tˆ−m2V8
)2
+ Γ2
V 0
8
M2
V 0
8
in the interference term.
AFB as a function of couplings for both cases is plotted
in Fig. 6. We find that AFB is positive in both cases and
increases with coupling, the increase being more rapid
for lower mass.
The behavior of Ctt¯ can be studied by writing the ma-
trix element squared in terms of the same and opposite
helicity contributions as before. From Eqs. (A.3)-(A.5),
we define
dσˆFVS
d cos θ and
dσˆFVO
d cos θ as
dσˆFVS
d cos θ
= g4s(1− β2) sin2 θ
[
8 + 2
3
sˆ(tˆ−M2
V 0
8
)
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(gutL
2
+ gutR
2
) +
sˆ2
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(gutL
4
+ gutR
4
)
]
+8 g4s
sˆ2
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
gutL
2
gutR
2
(1 + β2) (9)
dσˆFVO
d cos θ
= g4s(1 + cos
2 θ)
[
8 + 2
3
sˆ(tˆ−M2
V 0
8
)
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(gutL
2
+ gutR
2
) +
sˆ2
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(gutL
4
+ gutR
4
)(1 + β2)
]
+ g4s (2β cos θ)
[
2
3
sˆ(tˆ−M2
V 0
8
)
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(gutL
2
+ gutR
2
) +
2sˆ2
(tˆ−M2
V 0
8
)2 + Γ2
V 0
8
M2
V 0
8
(gutL
4
+ gutR
4
)
]
(10)
Analyzing the expression given in Eqs. (9) and (10) we
find that the contribution of
dσˆFVS
d cos θ in vector/axial-vector
case dominates over the
dσˆFVO
d cos θ due to the presence of
the cross term proportional to (gutL g
ut
R )
2
and hence spin-
correlation decreases with the coupling as shown in the
Fig. 7a. In contrast, this cross term vanishes for the
pure right-handed interactions and then the
dσˆFVS
d cos θ is sup-
pressed by (1−β2) sin2 θ/(1+β2)(1+cos2 θ) with respect
to
dσˆFVO
d cos θ , rendering C
tt¯ to increase with the coupling as
shown in Fig. 7b.
Our results are in broad agreement with the existing
results in the literature [31–34]. Their study was however
based on the earlier results from Tevatron [5] with the
Att¯
FB
dependence on mtt¯ in two regions of ≤ 450 GeV and
≥ 450 GeV, respectively.
C. χ2 Analysis
We have studied the production cross section and
also the model contribution to the observables. We
further analyze the one dimensional distribution plots
11
and investigate the possibility to explain the observed
Att¯
FB
anomaly. Recently CDF collaboration have per-
formed detail seven bin analysis with invariant mass dis-
tribution of Att¯
FB
from the reconstructed top-pairs [7].
They observed that the large forward-backward asym-
metry comes from the higher invariant mass Mtt¯ bins of
the top-antitop pair. The forward-backward asymmetry
as a function of Mtt¯ is defined as
AFB(Mtt¯) =
NF (Mtt¯)−NB(Mtt¯)
NF (Mtt¯) +NB(Mtt¯)
(11)
where NF and NB are the events in the forward and
backward region, respectively. The analysis in Ref. [7]
also gives the four bin analysis of the Att¯
FB
with the top-
antitop rapidity difference distribution defined as
AFB(|∆y|) = N(∆y > 0)−N(∆y < 0)
N(∆y > 0) +N(∆y < 0)
(12)
where rapidity difference ∆y = yt − yt¯, N(∆y < 0) and
N(∆y > 0) are the number of events with positive and
negative rapidity difference, respectively.
We scan our model parameter space for a given mass of
the color-octet vector boson on the two dimensional plane
of two distinct product of couplings which can provide
the matched mtt¯ and ∆y distribution of A
tt¯
FB
with the ob-
served data. We perform χ2 analysis for both FC and FV
cases and predict the set of best parameters which can
possibly explain the Att¯
FB
anomaly. To make this χ2 study
we take into account the Att¯
FB
distribution over mtt¯ bins
as well as ∆y bins from the full Run II Tevatron dataset
[7]. We define the combined χ2 from the study of the
mtt¯ and ∆y distribution. For these analysis we use stan-
dard χ2 fit, defined as
χ2 =
∑
i
(Othi −Oexpi )2
(δOi)2 (13)
where i is the mtt¯ or ∆y bin index, Othi and Oexpi are
model and experimental estimate of the Att¯
FB
in the ith
bin, respectively. The model estimate includes the both
SM and new physics contribution. δOi is the the ex-
perimental error in the corresponding ith bin. We have
considered seven and four suggested bins for the mtt¯ and
∆y, respectively. In addition we have also considered
the total cross section σ(pp¯ → tt¯) = 7.5 ± 0.31(stat) ±
0.34(syst) ± 0.15(Z theory) pb [2] as one of the observed
data. Therefore we have used twelve observables to per-
form the analysis. For Othi we have taken the total cross
section for this study as σtot = K · σSM + σNP , where
K = σ
NLO
σSM = 1.046 and A
tt¯
FB
= Att¯
FB
SMNLO +Att¯
FB
NP.
The two dimensional parameter space ((
√
λLL,
√
λRR)
for FC cases and (gutL , g
ut
R ) for the FV case) with a given
fixed mass is scanned leading to the minimum value of
the χ2 ≡ χ2min.. We plot histograms showing the mtt¯
spectrum of Att¯
FB
at combined χ2min. in Figs. 8a, 8c, 8e
for flavor conserving cases and Figs. 9a, 9c and 9e for
flavor violating cases, respectively. We have shown and
compared the slope of our best-fit line with that from
the experimental data in these figures and Tables II and
IV . Similarly Figs. 8b, 8d, 8f for flavor conserving cases
and Figs. 9b, 9d and 9f for flavor violating cases exhibit
the ∆y spectrum of Att¯
FB
at combined χ2min. along with
the slope of the best fit line. These values for the ∆y
distribution of Att¯
FB
are also summarized in Tables III and
V.
Mtt¯ A
tt¯
FB
(± stat.) NLO 200 GeV 900 GeV 500 GeV
tt¯-Bkg
√
λAA = 0.30
√
λNAA = 0.35
√
λRR = 0.11
< 400 GeV -0.012 ± 0.040 0.012 0.055 0.024 0.018
400 − 450 GeV 0.084 ± 0.050 0.031 0.101 0.074 0.005
450 − 500 GeV 0.158 ± 0.064 0.039 0.172 0.062 0.105
500 − 550 GeV 0.203 ± 0.083 0.060 0.135 0.118 0.254
550 −600 GeV 0.143 ± 0.105 0.083 0.208 0.145 0.113
600 − 700 GeV 0.338 ± 0.128 0.077 0.172 0.230 0.142
≥ 700 GeV 0.377 ± 0.163 0.137 0.329 0.282 0.230
χ2min. - - 6.05 5.27 7.43
Slope of
Best-Fit Line (11.1± 2.9) × 10−4 3.0 × 10−4 6.08× 10−4 7.04 × 10−4 5.31 × 10−4
TABLE II: The first three columns give the bin limits of the Mtt¯, the observed A
tt¯
FB
with error and the NLO (QCD+EW)
generated Att¯
FB
, respectively [7]. The next three consecutive columns provide the differential Att¯
FB
corresponding to the model
parameters (given in Figs. 8a, 8c and 8e ) leading to χ2min. at fixed coupling and MV 0
8
in flavor conserving cases. The penultimate
line gives the χ2min. for respective cases. The last line in the table gives the slope of the best fit line with the simulated data.
IV. SINGLE TOP
In the SM, single top quark production is stud-
ied through three different channels with different final
states, respectively which have their own distinct kine-
12
|∆y| Att¯
FB
(± stat.) NLO 200 GeV 900 GeV 500 GeV
tt¯-Bkg
√
λAA = 0.30
√
λNAA = 0.35
√
λRR = 0.11
0.0-0.5 0.026 ± 0.035 0.009 0.046 0.018 0.015
0.5-1.0 0.065 ± 0.045 0.040 0.142 0.068 0.089
1.0-1.5 0.269 ± 0.066 0.074 0.209 0.184 0.133
≥ 1.5 0.299 ± 0.126 0.113 0.223 0.249 0.266
χ2min. - - 4.41 1.87 4.73
Slope of
Best-Fit Line (20.0± 5.9) × 10−2 6.7× 10−2 11.96 × 10−2 16.18 × 10−2 15.94 × 10−2
TABLE III: The first three columns give the bin limits of the |∆y|, the observed Att¯
FB
with error and the NLO (QCD+EW)
generated Att¯
FB
, respectively [7]. The next three consecutive columns provide the differential Att¯
FB
corresponding to the model
parameters (given in Figs. 8b, 8d and 8f) leading to χ2min. at fixed coupling and MV 0
8
in flavor conserving cases. The penultimate
line gives the χ2min. for respective cases. The last line in the table gives the slope of the best fit line with the simulated data.
Mtt¯ 200 GeV 500 GeV 900 GeV
gutAA = 0.26 g
ut
AA = 0.53 g
ut
RR = 1.26
< 400 GeV 0.037 0.019 0.023
400 − 450 GeV 0.031 0.053 0.073
450 − 500 GeV 0.095 0.110 0.089
500 − 550 GeV 0.188 0.160 0.121
550 − 600 GeV 0.134 0.194 0.163
600 − 700 GeV 0.256 0.207 0.182
≥ 700 GeV 0.263 0.267 0.297
χ2min. 4.92 4.14 4.93
Slope of Best-fit Line 6.85× 10−4 6.6× 10−4 6.74 × 10−4
TABLE IV: Same as TABLE I, first column give the bin limits of the Mtt¯ and the next three consecutive columns provide the
differential Att¯
FB
corresponding to the model parameters (given in Figs. 9a, 9c and 9e leading to χ2min. in flavor violating cases.
matics and do not interfere with one another. The s-
channel process takes place through an off-shell time like
W boson which further decay into a top and bottom
quark as shown in Fig. 10a. The t-channel process is the
dominant one and mediates through the exchange of a
virtualW as shown in Fig. 10c. The t-channel process re-
sembles deep inelastic scattering while s-channel process
resembles the Drell-Yan process. The single top quark
production cross section in these two modes have been
estimated to be σNNNLOt−channel = 1.05 ± 0.11 pb, σNNNLOs−channel
= 0.52 ± 0.03 pb, respectively at the NNNLO approxi-
mation for mt = 173 GeV [4]. Therefore the single top
quark production in the t-channel is roughly twice of the
s-channel production cross section in the SM. The third
channel for single top production is the associated tW -
production as shown in Fig. 10b which is estimated to
be σNNNLOWt−channel = 0.11 ± 0.04 pb for mt = 173 GeV
[4]. We do not consider this process for our analysis.
The single top quark production cross section in the t-
channel is thus expected to dominate over the s-channel
production both at the Tevatron and the LHC while the
cross section for tW production is very small at the Teva-
tron but significant at the LHC. The three channels dis-
cussed above are sensitive to quite different manifesta-
tions of physics beyond the SM such that Flavor Chang-
ing Neutral Current (FCNC), existence of color singlet
/ octet vector bosons W ′±, H±, Z ′, V ±,08 etc, fourth gen-
eration quarks or detection of more general four fermion
interactions. DØ reported the s- and t- channel cross-
sections to be σs = 0.68
+0.38
−0.35 pb and σt = 2.86
+0.69
−0.63 pb
for mt = 172.5 GeV, respectively [14] in agreement with
the estimated cross-sections in the SM. However, very
recently the CDF collaboration [13] using 7.5 fb−1 of pp¯
collisions data collected by CDF Run II experiment chan-
nel as σs = 1.81
+0.63
−0.58 pb and σt = 1.49
+0.47
−0.42 pb where in
the central values of s- and t-channel cross-sections are
comparable which is in conflict with the SM NNNLO pre-
diction. The total single top cross section measured by
this group σtotal = 3.04
+0.57
−0.53 pb for mt = 172.5 GeV is
however consistent with the total single top production
in SM at the NNNLO approximation.
There are two alternative approaches available in the
literature to study t- channel single top quark production
at the leading order (LO) and NLO. One of the approach
is based on 2 → 2 scattering process Fig. 10c, where b
quark is taken to be present in the initial state. This
is so called five flavor (5F) scheme. In this scheme the
presence of b jet and the effect of b mass appears only at
NLO. In the second approach the LO (Born process) is
the 2→ 3 scattering process Fig. 10d. In this four flavor
(4F) scheme, the b quark does not enter in the QCD
evolution of the parton distribution function. For details
see [50] [51]. The approaches are shown to be equivalent
and give the same result at all orders in the perturbation
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|∆y| 200 GeV 500 GeV 900 GeV
gutAA = 0.26 g
ut
AA = 0.53 g
ut
RR = 1.26
0.0-0.5 0.031 0.022 0.035
0.5-1.0 0.072 0.101 0.077
1.0-1.5 0.139 0.149 0.149
≥ 1.5 0.317 0.260 0.235
χ2min. 3.97 4.03 3.71
Slope of Best-fit Line 18.5× 10−2 15.24 × 10−2 13.44 × 10−2
TABLE V: Same as TABLE II, first column give the bin limits of the |∆y| and the next three consecutive columns provide the
differential Att¯
FB
corresponding to the model parameters (given in Figs. 9b, 9d and 9f leading to χ2min. in flavor violating cases.
expansion. In the present work we treat proton in 5F
scheme and study the b-initiated 2→ 2 process since we
are only interested in estimation of the total production
cross section [52].
In this section we will study single top s- and t- channel
production in 3 ⊗ 3¯ model in flavor conserving and fla-
vor violating cases. Throughout our analysis we assume
|Vtb| = 1. In the flavor conserving case, the single top
production in the s- and t- channels proceeds through
the charge current interactions through V ±8 as shown in
Figs. 11a and 11b, respectively. The flavor violating
mode medaites through flavor changing neutral current
via V 08 as shown in Figs. 11c and 11d, respectively. The
charged octet vector boson does not contribute to the
other processes in the top quark sector addressed in our
study. However, the contribution of the FCNC is likely
to provide the common global allowed parameter space of
the model from all the processes involving the top quark
sector.
A. Flavor Conserving
The differential cross-sections with respect to emerging
angle of the single massive top quark cos θt the s-channel
subprocess ud¯→ tb¯, and the t- channel subprocess ub→
td are given as
dσud¯→tb¯
d cos θt
=
piβ′α2s
18sˆ
1
(sˆ−M2V8)2 +M2V8Γ2V8
[
C+uˆ(uˆ−m2t ) + C− tˆ(tˆ−m2t )
]
, (14)
dσub→td
d cos θt
=
piβ′α2s
18sˆ
1
(tˆ−M2V8)2 +M2V8Γ2V8
[
C+sˆ(sˆ−m2t ) + C−tˆ(tˆ−m2t )
]
, (15)
where C± = (|CtbL |2 + |CtbR |2)(|CudL |2 + |CudR |2)± (|CtbL |2 − |CtbR |2)(|CudL |2 − |CudR |2) and β′ = 1−
m2t
sˆ
(16)
It is evident from the Eq. (16) that the contribution for
the pure vector current and pure axial current is identical
which also hold true between the right and left chiral
contributions. We study the variation of the single top
quark production in the s channel with the couplings for
various vector octet masses which are shown in Figs. 12a
and 12b corresponding to the charged axial and right-
chiral current, respectively. We observe the sharp growth
in the cross-sections even with the smaller couplings and
later flattens out with the increasing mass of the octet.
Figs. 12c and 12d depicts the variation in the t channel
mode. It is evident that the plugging of decay width in
t channel propagator flattens the variation of the curve
with respect to couplings. Since there is no interfer-
ence between the SM and color-octet model (for both the
channels), we find that the cross section grows with the
coupling and decreases with the mass of the color-octet
vector bosons.
B. Flavor Violating
FCNC induces additional channels for single top quark
production. These additional Feynman diagrams are
shown in Figs. 11c and 11d. This contribution is re-
alized through the flavor changing coupling gutL,R at one
of the vertices only but can be mediated through both s
and t channels. This then would make the life uncomfort-
able for measuring s and t channel separately as the final
states for both the diagrams are same. In this view for
this we need to have a combined study of s and t channel
with one FV vertex from the new physics sector. Thus
the new physics contribution at the amplitude level is
proportional to the product of the flavor conserving cou-
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FIG. 8: mtt¯ and |∆y| distribution of Att¯FB at χ2min. for the three favorable point-sets in parameter space at fixed MV 08 = 200, 500
and 900 GeV for flavor conserving case, shown in the shaded green histogram. The experimental data point is shown with its
error in black, while the SM (NLO+QCD) with background subtracted are shown in the shaded pink histogram. The black line
in all graphs is the best-fit line with the experimental data while the green line depicts the best-fit line with the model data.
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pling gqL,R and flavor violating coupling g
ut
L,R. We define√
f q, utij =
√
gqi g
ut
j for i ≡ L,R, V,A. The differential
cross section with respect to cos θt for the s-channel sub-
process qq¯ → tu¯(q = d, s, c, b), s + t-channel subprocess
uu¯→ tu¯ and t+u-channel subprocess uu→ tu assuming
top quark mass mt and others to be massless is given as
dσqq¯→tu¯
d cos θt
=
piβ′α2s
18sˆ
1
(sˆ−M2
V 0
8
)2 +M2V8Γ
2
V 0
8
[
V+uˆ(uˆ −m2t ) + V−tˆ(tˆ−m2t )
]
(17)
dσuu¯→tu¯
d cos θt
=
piβ′α2s
18sˆ
{ 1
(sˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
[
V+uˆ(uˆ−m2t ) + V−tˆ(tˆ−m2t )
]
−2
3
(sˆ−M2
V 0
8
)
(sˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
(tˆ−M2
V 0
8
)
(tˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
uˆ(uˆ−m2t )
[
(guuL g
ut
L )
2 + guuR g
ut
R )
2
]
+
1
(tˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
[
V+sˆ(sˆ−m2t ) + V−uˆ(uˆ−m2t )
]}
(18)
dσuu→tu
d cos θt
=
piβ′α2s
18sˆ
{ 1
(tˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
[
V+uˆ(uˆ−m2t ) + V−sˆ(sˆ−m2t )
]
+
2(tˆ−M2V 0
8
)(uˆ −M2V 0
8
)
((tˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
)((uˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
)
sˆ(sˆ−m2t )
[
(guuL g
ut
L )
2 + guuR g
ut
R )
2
]
+
1
(uˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
[
V+tˆ(tˆ−m2t ) + V−sˆ(sˆ−m2t )
]}
(19)
where V± = (|gutL |2 + |gutR |2)(|gqqL |2 + |gqqR |2)± (|gutL |2 − |gutR |2)(|gqqL |2 − |gqqR |2)
Since the amplitude is the quadratic symmetric function
of the left and right-handed couplings, the axial and vec-
tor currents are identical and so is the case for right and
left handed currents. We have also taken into account
of the additional decay channels contributing to the to-
tal decay width of the color-octet neutral vector boson
due to the introduction of FV couplings. We exhibit
the variation of the single top quark production with the
product of the couplings
√
f q, utij for different flavor vio-
lating color-octet neutral vector boson masses in Fig. 13a
and 13b corresponding to the axial and right-chiral cur-
rent. We observe the the coupling fi are quite sensitive
to the production cross section for the cases. It would
then imply that for a given FC coupling the single top
production can constrain the FV coupling more severely
than the top-pair production.
V. SAME-SIGN TOP
Introduction of the flavor violating couplings involv-
ing first and third generation for the top-pair production
also induces the new channel for same-sign top/ anti-top
pair production. The same-sign top production is highly
suppressed in SM because it involves higher order flavor
changing neutral current interactions.
In the present study the process uu(u¯u¯) → tt(t¯t¯) pro-
ceeds through the exchange of neutral color-octet vector
boson V 08 with flavor changing neutral current interac-
tions between the first and third generation only in the
t- channel and the exchange diagram u- channel as shown
in Fig. 14.
The differential cross section for uu(u¯u¯)→ tt(t¯t¯) with
respect to the cosine of the top quark polar angle θ in
the tt center-of-mass (c.m.) frame is
dσˆ
d cosθ
=
piβα2s
(tˆ−M2
V 0
8
)2 +M2
V 0
8
Γ2
V 0
8
sˆ
18
[
2(gutL
4
+ gutR
4
) + gutL
2
gutR
2
(1 + βcosθ)2
]
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FIG. 9: mtt¯ and |∆y| distribution of Att¯FB at χ2min. for the three favorable point-sets in parameter space at fixed MV 08 = 200, 500
and 900 GeV for flavor violating case, shown in the shaded green histogram. The experimental data point is shown with its
error in black, while the SM (NLO+QCD) with background subtracted are shown in the shaded pink histogram. The black line
in all graphs is the best-fit line with the experimental data while the green line depicts the best-fit line with the model data.
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(a) s-channel (b) Wt- channel (c) 2→ 2
t-channel
(d) 2→ 3
t-channel
FIG. 10: Leading order single top production channels in SM.
(a) s-channel
CC
(b) t-channel
CC
(c) s-channel
NC
(d) t-channel
NC
FIG. 11: Leading order single top production channels mediated by charged color-octet vector current are shown in figures (a)-(b)
and flavor violating neutral color-octet vector current are shown in figures (d)-(e), respectively.
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2
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(1− βcosθ)2
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where sˆ = (pu + pu)
2 is the squared c.m. energy of the
system with top quark velocity β =
√
1− 4m2t/sˆ.
We study the variation of the production cross sec-
tion σ(pp¯ → tt + t¯t¯) with respect to axial-vector and
right-chiral FCNC couplings, respectively. To compare
with the experimental results we allow these tops/ anti-
tops to decay through leptonic channels only as shown
in Figs. 15a and 15b. However, the non observability
of same-sign dilepton events at the hadronic colliders re-
stricts the parameter space of the model generating such
events. In Fig. 16a we depict the constrain on the left
and right-chiral couplings from the observed cross section
of σ(pp¯→ tt+ t¯t¯)×BR[W → lν]2 ≤ 0.54 pb for the com-
bined signature of the same-sign top-pair and same-sign
anti-top pair production and then decaying through the
respective leptonic channels [16]. CMS [17] and ATLAS
[18] data constrains the parameter space from σ(pp→ tt)
only with observed cross section ≤ 17 pb and ≤ 1.7 pb,
respectively. Figs. 16b and 16c provides the 95 % con-
fidence level exclusion contours in the two dimensional
plane of flavor violating chiral couplings gutL and g
ut
R for
a given color-octet mass corresponding to the observed
data from CMS and ATLAS, respectively.
We observe that these contours severely narrows the
allowed parameter space contributing to the top-antitop
pair production and generating the positive Att¯
FB
.
VI. CONSISTENCY WITH THE tt¯ AND DIJET
PRODUCTION AT THE LHC
In the previous section we investigated the parame-
ter region for color-octet vector bosons and found con-
straints on the masses and couplings by taking total top
quark pair production at the Tevatron including single
top quark production and same-sign top quark produc-
tion cross sections. We then analyzed the exclusion re-
gion of the parameters via same-sign top quark pair pro-
duction at the Tevatron as well as at the LHC. Addi-
tionally, fitted data for Att¯
FB
at the Tevatron restricted
the parameter space further and gave some favorable pa-
rameters in the model considered in this article. Further
investigations can then lead to exclusion/acceptance of
the parameters by studying transverse momentum of the
final states and invariant mass differential distributions
for top-pair and dijet production cross sections. The
other observables like S, T parameters and the Z decay
width effects further constraint the color-octet vector bo-
son model but these studies are beyond the scope of this
article, detail studies can be found in [39]. In this section
we investigate the consistency of the favorable parame-
ters found at the Tevatron by studying the cross section,
charge asymmetry, spin-correlation, invariant mass dif-
ferential distributions for top quark pair production and
dijets production data at the LHC.
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FIG. 12: Variation of the cross section with flavor conserving couplings for various vector color-octet masses M
V
±
8
. In the
top panel figures (a) and (b) the upper dotted black line and associated blue band depicts the CDF central value and the one
sigma band, respectively for s-channel cross section 1.81+0.63−0.58 pb [13], while the lower dot-dashed black line with a red band
show theoretical central value and the one sigma band, respectively for 1.05 ± 0.07 pb at NNNLO [4]. Similarly in the lower
panel figures (c) and (d) the experimental central value is shown with lower dotted black line and the associated 1-sigma green
band, 2-sigma blue band corresponds to t-channel cross section 1.49+0.47−0.42 pb from CDF [13]. The upper dot-dashed black line
associated with with a red band show theoretical central value and one sigma band for 2.10± 0.19 pb at NNNLO [4].
A. tt¯ production and mtt¯ distribution
The color-octet vector bosons not only contribute to
the tt¯ production cross section both at the Tevatron and
the LHC but modify its shape as a function of invariant
mass mtt¯ as well. The tt¯ resonance searches will put
constraints on the resonance mass. For tt¯ production, the
decay width of the color-octet vector boson is relevant
for MV8 > 2mt so that the top-pair can be produced
at resonance. Earlier studies incorporated rather large
values of the decay width e.g. ΓV8 ≈ 0.1 − 0.2MV8. We
have on the other hand used the width calculated for the
parameters employed in our study of the cross sections.
We explore the subspace of the parameters of the color-
octets which can explain the observed forward-backward
asymmetry at the Tevatron as discussed in section III C
and thus attempt to examine the admissibility of these
data points with respect to the recently observed the
LHC data. As a first step, we compare the cross sec-
tion of the Tevatron and the LHC for the tt¯ production
corresponding to the same values of the couplings with a
given resonant mass and the nature of the exchange cur-
rent. This is shown in Fig. 17a where the tt¯ cross section
induced by the flavor conserving couplings within the al-
lowed experimental limits for Tevatron and the LHC are
depicted on the x and y axes, respectively. To highlight
the chosen data-points we mark the focus points in the
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FIG. 13: Variation of the combined cross section σ(pp¯→ tb¯+ t¯b) and σ(pp¯→ tj + t¯j) with couplings √fq, utij corresponding to
different values of MV 0
8
. In the figures (a) and (b) the upper dotted black line and associated blue band depicts the central value
of combined experimental s + t-channel cross section and one sigma allowed region of 3.04+0.57−0.53 pb from CDF [13], while the
lower dot-dashed black line with a red band show theoretical estimate and its uncertainty 3.15 ± 0.26 pb at NNNLO [4].
FIG. 14: Diagrams for same-sign top production through V 08
in (a) t- and (b) u-channels.
figure along with prediction from SM. The two vertical
lines in the figure corresponds to the 1-σ boundaries of
the maximum allowed σtt¯ at the Tevatron [2, 3]. It is
clear from the figure that the observed σtt¯ at the Teva-
tron completely lies within the experimentally observed
range of σtt¯ at the LHC [53]. In Figure 17b the same is
plotted for the flavor violation case.
Unlike the Tevatron, the LHC possess a rich poten-
tial for the new physics resonant searches both for the
threshold and the boosted production of the unlike sign
top-pairs. The differential cross-sections for the tt¯ pro-
duction are studied in the Ref. [54] along with Z ′ and
other new physics resonant searches in Ref. [55]. No
significant deviations from the SM are observed. We in-
vestigated the one dimensional distribution of the trans-
verse momentum of the top and the invariant mass of the
top-pairs. Any large deviation that might occur due to
the color-octet contribution in these distributions will ex-
clude the corresponding resonant mass and the couplings.
In Figure 18a and 18b we show pT andmtt¯ distribution at
the LHC for the preferred values of parameters required
to obtain the experimentally observed Att¯
FB
. The pT dis-
tribution as well as the tt¯ invariant mass distribution for
7 TeV the LHC data show a clear narrow resonance for
MV8 = 900 GeV on top of the SM background. Since AT-
LAS and CMS [54, 55] have not yet observed any kind
of such resonance effect for the pT and mtt¯ distribution,
the octet vector boson model with MV8=900 GeV can be
excluded with the coupling constant of 0.35.
In the flavor violation case tt¯ production proceeds
through V 08 exchange in the t-channel and therefore no
resonance effect is expected.
B. Charge Asymmetry and spin-correlation
We found that the tt¯ production data at the Tevatron
shows a relatively large Att¯
FB
, the LHC data on the other
hand exhibits a small ’charge asymmetry’ AC given by
AC =
N(∆ |y| > 0)−N(∆ |y| < 0)
N(∆ |y| > 0) +N(∆ |y| < 0) , (21)
where ∆ |y| = |yt| − |yt¯| is the difference between ab-
solute rapidities of the top and antitop quarks. In the
SM both the asymmetries Att¯
FB
and AC are generated
at the NLO of QCD. The most recent results from the
CMS [56] and the ATLAS [57] collaborations at the
LHC give AATLASC = −1.9± 2.8(stat.)± 2.4(syst.)% and
ACMSC = −1.3± 2.8(stat.)+2.9−3.1(syst.)%. These values are
consistent with the SM prediction, AC = 1.15 ± 0.06%
within the experimental uncertainty [58].
Both the asymmetries depend on the coupling of color
vector bosons with light and top quarks i.e. on the
qq¯ → tt¯ process. We provide a scatter plot in Figs.
19a and 19b in order to study the correlation between
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FIG. 15: Variation of the cross section σ(pp¯ → tt + t¯t¯) times branching ratio BR(W → lν)2 with couplings gutij for flavor
violating vector color-octets corresponding to different values of MV 0
8
GeV for both the cases (a) and (b) given in the text. The
upper dotted line depicts the maximum allowed σtt+t¯t¯ ×BR(W → lν)2 = 54 fb with a 95 % confidence level [16].
Att¯
FB
at the Tevatron and AC at the LHC for three dif-
ferent vector boson masses corresponding to FC and FV
interactions. In these figures x and y coordinates depict
the Att¯
FB
in the Tevatron and AC at the LHC, respectively
for a fixed value of the resonant mass and the coupling.
The range of the couplings on the x axis are chosen such
that it generates the appropriate Att¯
FB
observed in the tt¯
production at the Tevatron. The favorable points men-
tioned in Tables II and IV are encircled in the figure.
The inner and outer pair of vertical lines corresponds to
the 1- and 2-σ boundaries of the experimental forward-
backward asymmetry at the Tevatron [7] while horizontal
line shows the 1-σ boundary of the experimental charge
asymmetry at the LHC [56].
The LHC provides a unique platform to study the
spin and polarization distribution of top and antitop for
both the threshold and boosted events. We study and
compare the contribution of the color-octets to the spin-
correlation coefficient Ctt¯ . To constrain the parameter
space we plot the curves in the Figs. 20a and 20b for
the flavor conserving and violating cases, respectively.
Each point (x, y) on the curve estimates the contribution
to Ctt¯ at the Tevatron and the LHC, respectively corre-
sponding to a fixed value of the resonant mass and the
coupling. The vertical and the horizontal line depicts the
experimental central values of Ctt¯ at the Tevatron and
the LHC, respectively. We observe that our focus points
which are highlighted in the figure are in good agreement
with the experimental values within 1σ error estimations.
C. Dijet resonance searches
Recent searches for dijet resonances in 7 TeV pp colli-
sions at ATLAS and CMS [36] provides exclusion limits
for axigluon/coloron masses. CMS data exclude axiglu-
ons and colorons with mass less than 2.47 TeV at 95 %
confidence level while ATLAS exclusion limits is between
0.60 and 2.10 TeV for the same resonances.
The color-octet vector bosons produced from the qq¯ ini-
tial state will give rise to dijet events by decaying into
the qq¯ states. The dijet cross section thus depends on
the same parameters namely MV8 ,ΓV8 , g
q
L and g
q
R as
the other observables considered in the study. Whereas
the tt¯ cross section depends on the product of the cou-
plings of the color-octet vector bosons with light and top
quarks gqi g
t
j(i, j = L,R), the dijet cross section depends
only on (gqL/R)
2 and therefore can provide a more strin-
gent bounds on these couplings from the direct resonant
searches. As discussed in the Introduction, CMS and
ATLAS collaborations have performed a search of nar-
row dijet resonances. The dijet resonance searches are
based on the narrow width approximation and therefore
they do not constraint vector bosons with large width.
We study the pT distribution of the jet with highest pT
and invariant mass distribution of the two highest pT jets
in SM and then compare the distribution with the spe-
cific choices of resonant mass along with their couplings
as mentioned in Table II for flavor conserving case. It is
to be noted that there is no contribution from flavor vi-
olating couplings involving the first and third generation
quarks.
We have imposed the standard acceptance cuts for
these distributions. The minimum dijet invariant mass
mjj is taken to be 200 GeV along with the required pseu-
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FIG. 16: 95% CL exclusion contours on the plane of gutL and g
ut
R for varying color-octet masses. Figure (a) corresponds to
σ(pp¯→ tt+ t¯t¯)×BR[W → lν]2 ≤ 54 fb from the Tevatron at CDF [16]. Figure (b) corresponds to measurement from CMS at
the LHC, constraining σ(pp → tt(j)) ≤ 17 pb [17] and Fig. (c) corresponds to σ(pp → tt) ≤ 1.7 pb from ATLAS detector at
the LHC [18].
dorapidity separation |∆η| ≤ 1.3 and both jets satisfying
|η| ≤ 2.5. We show the pT distribution in Fig. 21a with
the bin width 10 GeV and the invariant mass distribu-
tion of the the two highest pT jets in Fig. 21b with bin
width 50 GeV.
The dσ/dmjj distribution are all in good agreement
with the SM QCD background within the experimental
error bars except for the case of MV8 = 900 GeV. There-
fore MV8 = 900 GeV resonance can be excluded based
on the resonant searches not only from the tt¯ production
but also from the dijet searches as well.
VII. SUMMARY AND CONCLUSION
We have revisited and extended the analysis of the
color-octet vector boson model in the top sector at the
Tevatron and the LHC for FC and FV couplings. We
have considered the effect of decay width of the color-
octet vector bosons throughout our analysis and con-
figured our study to constrain the parameter space of
the model from the observed differential distribution of
the forward-backward asymmetry with 8.7 fb−1 full data
set of CDF collaboration at teh Tevatron [7] and charge
asymmetry data set from the LHC at 7 TeV [56], which
was missing in the literature [22, 31, 32]. We have made
an attempt to find a parameter space which is also con-
sistent with the spin-correlation observation at the Teva-
tron [43, 44], single top production at the Tevatron [13],
same-sign top production at the Tevatron [16] and the
LHC [17, 18] and dijet invariant mass distribution at the
LHC [36]. The observed features of our analysis for top
quark physics at the Tevatron and the LHC are enumer-
ated as follows:
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FIG. 17: The x and y coordinates on the curve depicts the production cross sections σtt¯ at the Tevatron and the LHC,
respectively corresponding to a fixed value of the coupling and the resonant mass for (a) flavor conserving and (b) flavor
violating cases. The highlighted colored data points corresponds to the focus points mentioned in Tables II and IV. Vertical lines
depicts the 1-σ boundary for CDF [2] and DØ [3], respectively as given in the text. Black point corresponds to the SM NNLO
approximate value of at the LHC (165.2 pb) and the Tevatron (7.2 pb) [4].
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FIG. 18: The differential distribution of (a) transverse momentum of the top pT with bin width 10 GeV and (b) top-pair
invariant mass with bin width 20 GeV at LHC with
√
s = 7 TeV corresponding to the SM and the flavor conserving focus points
mentioned in Table II.
1. We notice appreciable contribution to Att¯
FB
and
spin-correlation coefficient from the axial current
and the right-handed chiral current without trans-
gressing the production cross-sections within exper-
imentally allowed one sigma region.
2. We scanned the parameter space of the model to
explain the anomaly observed in one dimensional
mtt¯ and |∆y| distributions of Att¯FB . We predict few
focus points based on the χ2 minimization at χ2min.
which are likely to satisfy these constraints. This
is summarized in Tables II & III and in Tables IV
& V for the flavor conserving and flavor changing
neutral currents, respectively. mtt¯ distribution of
Att¯
FB
corresponding to focus points are also depicted
in Figs. 8a,8e, 8c and 9a, 9c, 9e for FC and FV cou-
plings, respectively. Similarly the agreement with
respect to |∆y|distribution is shown in Figs. 8b, 8f,
8d and 9b, 9d, 9f for flavor conserving and violating
cases, respectively.
3. We verified that the top quark couplings corre-
sponding to these focus points evade the lower
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FIG. 19: The x and y coordinates of the points in the scatter plot depict the Att¯
FB
at the Tevatron and AC at the LHC, respectively
corresponding to a fixed value of the coupling and the resonant mass for (a) flavor conserving and (b) flavor violating cases.
The encircled colored data points corresponds to the focus points mentioned in Tables II and IV. The inner and outer pair of
vertical lines are 1- and 2-σ boundaries of the experimental forward-backward asymmetry at the Tevatron [7] while horizontal
line shows the 1-σ boundary of the experimental charge asymmetry at the LHC [56].
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FIG. 20: The x and y coordinates on the curve depicts the spin-correlation coefficients Ctt¯ at the Tevatron and the LHC,
respectively corresponding to a fixed value of the coupling and the resonant mass for (a) flavor conserving and (b) flavor violating
cases. The highlighted colored data points corresponds to the focus points mentioned in Tables II and IV. The horizontal and
vertical lines corresponds to the central values of Ctt¯ in the helicity basis at the LHC [59] and the Tevatron [43], respectively.
bounds on the chiral couplings required to form top
quark condensates [35].
4. Single top quark production through massive color
charged vector boson is studied for the s and t chan-
nel separately with distinguishable final states as
in SM. We observe that a large parameter region
is allowed by the one and two sigma bands cor-
responding to s and t channels, respectively from
CDF [13]. Since we have performed our analysis
with |Vtb|2 = 1, we need to be careful about the
interplay of new physics parameters and allowed
deviation for |Vtb| from unity.
5. The introduction of flavor changing neutral current
for the tt¯ production also induces the single top
production in s and t channels with the same final
states. So, we compared our results with the ob-
served combined cross-sections from s and t chan-
nels at the Tevatron. We find that the cross section
24
10-2
10-1
100
101
102
103
 0  50  100  150  200  250  300  350  400  450  500
dσ
/d
p T
j
 
 
(pb
/10
 G
eV
)
pTj  (GeV)
SM
200 GeV,λAA    =0.30
500 GeV,λRR    =0.11
900 Gev,λNA    =0.35
(a)
10-3
10-2
10-1
100
101
102
103
104
 200  400  600  800  1000  1200  1400  1600  1800
dσ
/d
m
jj  
(pb
/50
 G
eV
)
mjj  (GeV)
SM
200 GeV,λAA    =0.30
500 GeV,λRR    =0.11
900 GeV,λNA    =0.35
(b)
FIG. 21: The differential distribution of (a) transverse momentum of the highest pT jet with bin width 10 GeV and (b) dijet
invariant mass mjj of the two highest pT jets with bin width 50 GeV at the LHC with
√
s = 7 TeV corresponding to the SM
and the focus points mentioned in Table II for flavor conserving case.
of the single top quark production is comparatively
more sensitive to the new physics couplings in com-
parison to the tt¯ model. We are able to constrain
the product of FC and FV couplings of the neutral
current from this process.
As discussed in Sec. II, the inclusion of nonuni-
versal couplings in the up quark sector help the
product of flavor violating couplings to evade the
low energy stringent bounds from B and D physics.
The benchmark points obtained by us are consis-
tent with all the observables discussed above and
are in broad agreement with those obtained in Ref.
[22].
6. Consistency of the color-octet vector boson model
with respect to focus points are examined in the
light of recent the LHC data in Sec. VI. We
probed the admissibility of the constrained parame-
ter space at the LHC which explained the required
Att¯
FB
at the Tevatron as mentioned in Sec. III C.
We observe that the focus points do not transgress
the cross section of the top-pair production [53] as
well as the measured charge asymmetry [56] and
spin-correlation [59] at the LHC.
To have more insight on the implication of the new
physics parameter space we study the pT and mtt¯
distributions of the top-pair. We find that all our
FC focus points as mentioned in Table II except for
the higher resonance mass of 900 GeV are consis-
tent with the observations at the LHC.
The correlation study of the Att¯
FB
at the Tevatron
and AC at the LHC in Figs. 19a and 19b shows
that the large Att¯
FB
at the Tevatron be accommo-
dated by the recent observations at the LHC within
2 σ limit. The spin-correlation coefficient predicted
with constrained parameter space of the color ex-
cited states at the LHC are also found to lie within
the one σ limit of the experimental values [43, 59].
7. The ballpark estimate of the production cross-
sections of the color exotics involving the light
quark color-octet vector interactions are given in
Table I. Since the strongest bound for the light
quark couplings to the color exotics comes from the
dijet searches, we studied the transverse momen-
tum and invariant dijet mass distribution at the
LHC corresponding to the parameter space which
generated a large Att¯
FB
at the Tevatron. We observe
an appreciable deviation for the color-octet at 900
GeV similar to that observed for mtt¯ distribution.
8. We also studied the production cross section of
same-sign top and anti top-pairs via FV couplings
at the Tevatron. We imposed the constraints of
non-observability of large same-sign dilepton events
at the Tevatron and provided the 95 % exclusion
contours in the Fig. 16a on the plane of chiral cou-
plings. Exclusion contours at 95 % are also com-
puted from recent results at CMS and ATLAS for
the same-sign top production only which are de-
picted in Figs. 16b and 16c, respectively. The con-
straints from the LHC restrict the allowed param-
eter space of FV to a narrow allowed region. We
observe that all focus points except one ( 900 GeV
with gutR = 1.26) corresponding to FV couplings as
shown in Fig. 16c lies within this narrow allowed
region.
Our analysis for the top quark physics in vector color-
octet model based on the recent observations at the Teva-
tron and the LHC has shrunk the allowed parameter
25
space to a great extent. We propose four focus data
points (two each from flavor conserving and violating
couplings) which can explain the Att¯
FB
anomaly at the
Tevatron and are also consistent with the tt¯, same-sign
top and dijet production cross-sections and associated
observables at the LHC.
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Appendix A: Computation of Helicity Amplitudes
1. Helicity amplitudes for qq¯ → tt¯ via flavor
conserving vector octets
All couplings are in units of gs. g
q
L = g
t
L = g
q
R = g
t
R =
1 for SM.
MV
0
8
+−±± = FsgqR(gtL + gtR)
sˆ
2
√
1− β2 sin θ
=MV8−+∓∓(L↔ R, R↔ L) (A.1)
MV
0
8
+−±∓ = FsgqR[(gtL + gtR)∓ β(gtL − gtR)]
sˆ
2
(1± cos θ)
=MV8−+∓±(L↔ R, R↔ L) (A.2)
where,Fs = g
2
sT
aT a
(sˆ−M2
V 0
8
) + iMV 0
8
ΓV 0
8
and T a is the SU(3) matrices.
2. Helicity amplitudes for qq¯ → tt¯ via flavor
violating vector octets
MV8++±± = FtgutR gutL sˆ(1± β)
= MV8−−∓∓(L↔ R, R↔ L) (A.3)
MV8+−±± = FtgutR 2
sˆ
2
√
1− β2 sin θ
= MV8−+±±(L↔ R, R↔ L) (A.4)
MV8+−±∓ = FtgutR 2
sˆ
2
(1± β)(1 ± cos θ)
= MV8−+∓±(L↔ R, R↔ L) (A.5)
where,Ft = g
2
sT
aT a
(tˆ−M2
V 0
8
) + iMV 0
8
ΓV 0
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